ABSTRACT Perovskite materials, such as BaxSr1−xTiO3 (BST), have been continuously receiving attentions due to their unique ferroelectric, pyroelectric, dielectric, piezoelectric and electric-optic properties. Here, we report a facile route for the synthesis of BST nanocrystalline materials by fast mixing of MCl2 (M = Ba, Sr) aqueous solution and titanium isopropoxide ethanol solution at room temperature without using any surfactants or structure-directing templates. The molar ratio of Ba/Sr was controlled by adjusting the original molar ratio of BaCl2·2H2O and SrCl2·6H2O. The dielectric properties and microwave absorption capability of the BST nanocrystalline were studied. The results indicate that the BST nanocrystalline material has the best dielectric and microwave absorption properties in the case of Ba0.7Sr0.3TiO3. The present strategy is facile, low cost and high yield, which may provide a new route for the synthesis of other perovskite materials.
INTRODUCTION
Perovskite materials, such as BaxSr1−xTiO3 (BST), have been continuously receiving attentions and widely studied in the past several decades because of their excellent ferroelectric, pyroelectric, dielectric, piezoelectric and electric-optic properties, which depend on the component, size and crystalline structure [1] [2] . Barium titanate (BaTiO3) which has a high dielectric constant is used in capacitor, piezoelectric sensor, and electronic-optical transducer [3] [4] [5] [6] . The transition temperature of BaTiO3 (Tc) from paraelectric phase to ferroelectric phase is 130°C. The replacement of Sr atom to Ba atom could reduce the Tc and change the phase, which affects the electric properties. For example, Ba0.7Sr0.3TiO3 has the highest dielectric constant in BST materials at room temperature, which has the potential application in dynamic random-access memory (DRAM), tuneable filter, and oscillator, etc. [7, 8] .
The traditional synthetic route of perovskite materials is through sintering at above 1000°C. Several chemical methods have been developed for the low-temperature preparation of micro-and nano-sized perovskite crystals such as molten salt synthesis [9] [10] , solvothermal and hydrothermal method [11] [12] [13] [14] [15] [16] [17] , decomposition of bimetallic alkoxide precursors [18] [19] [20] , microwave route [21] [22] [23] [24] , and biosynthesis [25] . Though these routes offer successful synthesis of perovskite nanoparticles with high quality and good crystalline, they usually require temperatures higher than 100°C or expensive reactants. The thermodynamic modelling work by Riman and co-workers [26] [27] [28] [29] indicated that alkaline-earth titanates could be synthesized in aqueous solution even at temperatures below 100°C when the pH value was appropriate. It is highly expected to find a synthetic route to obtain BST materials at room temperature, ambient pressure, and high productivity with reactants very accessible [30] .
On the other hand, electromagnetic interference (EMI) shielding problems in the fields of electromagnetic wave communications have attracted intense attentions and various types of microwave absorbers have been developed. Many researchers have focused on the development of high-efficient electromagnetic wave absorbers with strong absorption characteristics, wide absorption frequency, lightweight and antioxidation. The dielectric relaxation effect of BaTiO3 in the gigahertz frequency bands can lead to dielectric loss. The microwave absorption using BaTiO3 (BT) ceramic in bulk size as ferroelectric component has been investigated previously. To date, previous studies about the dependency of electromagnetic properties on the morphology of microwave absorbers indicate that geometrical shape of the microwave absorbers plays a key role in the microwave absorption properties. However, the addition of Sr atoms to replace partial Ba in the BT, which affects the absorption properties of the BT, has not been studied.
Herein, we report a simple and versatile strategy to synthesize the BST nanoparticles under ambient conditions in an ethanol/water mixed solution based on our previous work [31] . In this approach, a series of BST nanocrystalline particles with good crystalline, pure phase, uniform size, and high yield can be prepared at room temperature by simply mixing BaCl2·2H2O, SrCl2·6H2O and titanium isopropoxide in water/ethanol solution for about 6 h. The dielectric properties and microwave absorption capability of the BST were studied, showing that the BST nanocrystalline material shows the best dielectric and microwave absorption properties when x = 0.7.
EXPERIMENTAL SECTION

Materials
All chemicals are analytical grade and used as received without further purification. In a typical procedure, BaCl2·2H2O and SrCl2·6H2O (1.5 mmol in all) and a certain amount of KOH were dissolved in 5 mL of deionized water respectively and mixed together to form a homogeneous solution. 1.5 mmol of titanium isopropoxide were added into 10 mL of ethanol. The mole ratio of (Ba+Sr)/Ti was 1. Then, the two solutions were mixed quickly within 20 s under vigorous stirring with immediate formation of a white gelatinous suspension precursor, which was aged at room temperature for about 6 h. The white precipitates (~2.6 g, the yield > 90%) were washed away by distilled water and absolute ethanol, respectively, and dried in a vacuum at 30°C for 4 h. A series of BaxSr1−xTiO3 nanocrystalline with different x value (from 0 to 1) could be obtained by adjusting the original molar ratio of BaCl2·2H2O and SrCl2·6H2O.
Characterization X-ray powder diffraction (XRD) was carried out on the substrate by Philips X'Pert Pro Super Diffratometer CuKα radiation (λ = 1.541874 Å). Scanning electron microscopy (SEM) images were obtained by JEOL JSM-6700F and Karl Zeiss Supra 40. Transmission electron microscopy (TEM), high-resolution TEM (HRTEM) images and electron diffraction (ED) patterns were obtained on a JEOL JSM-2010 microscope at an accelerating voltage of 200 kV. Energy-dispersive X-ray (EDX) analysis was obtained with an EDAX detector installed on the same HRTEM. To measure the dielectric property, the BST powders were grinded and tableted by using 5% polyvinyl acetate (PVA) as cross-linking agent and sintered to 1200°C under air atmosphere. The sinter temperature was maintainied at 500°C for several hours to remove the PVA. The dielectric constant was measured by Agilent 4294A precise impedance analyzer. In order to examine the microwave absorption of the BST, specimens were prepared by dispersing the BST powders into paraffin with a weight ratio of 1:1. After pressing the mixture into the cylindrical mould, the specimens with the thickness of 3 mm, the external diameter of 7 mm, and the inner diameter of 3 mm can be prepared. The microwave absorption capability was measured on Agilent PNA-L network Analyzer N5230C.
RESULTS AND DISCUSSION
The element concentrations of Ba and Sr in the final products were measured by inductively coupled plasma-atomic emission spectrometry (ICP-AES). The x value of BaxSr1−xTiO3 was calculated as listed in Table  1 . Compared with the x value calculated from the initial weight ratio of reagents, the linear fit keeps as the same (Fig. 1 ). pure BaTiO3 and SrTiO3 without the formation of carbonate. This result reveals that the samples prepared at room temperature are all pure cubic phase, even without N2 atmosphere protection. A series of BaxSr1−xTiO3 samples with the x value varied from 0 to 1 (step = 0.1) can be prepared by controlling the original molar ratio of Ba 2+ and Sr 2+ in the reagents. The XRD patterns of the serials samples shown in Fig. 3 indicate that each diffraction peak is a single and intact without splitting, which means the Ba ion is incorporated into the SrTiO3 lattice to replace the Sr ion, without any phase separation or superlattice phenomenon. If the final product was a superlattice structure, the peak separation could be found in the XRD pattern, which was previously reported by Lee et al. [32] .
From Fig. 3 , we could also found that the 2θ value of each peak changed with different x value. When the x value increased from 0 to 1, the 2θ value of each peak was reduced. That was because the radius of Ba atom was bigger than Sr atom. With the replacement of Ba ion by Sr ion, the lattice constant was changed and the d value of the interplanar spacing would increase. As a result, the 2θ value reduced. Taking the (200) plane for example (Fig. 4a) , the 2θ value reduced from 46.1°to 44.7°, when the x value increased from 0 to 1. Converting the d value, the interplanar spacing increased from 3.92 Å to 4.04 Å (Fig. 4b) . Su et al. [33] reported that when the x value was in the region of 0.4 to 0.6, the crystalline of product was not good, and the (111) peak would change a lot because the trigonal geometry of Ba/Sr in (111) plane was more sensitive to the change of component than the tetragonal geometry in (200) plane. However, this phenomenon was not observed in our experiment and the crystallinity of our BST samples was good. We could find the change of the relative intensity between (111) plane and (200) plane. When x = 0, the relative intensity of (111) plane was weaker than that of (200) plane. By increasing the x value, the relative intensity of (111) plane enhanced. It depends on the exposure of the different plane. From SEM images of the BST samples in Fig. 5 , it was found that when the x value increased from 0 to 1, the morphology of samples changed from cubic to sphere. The exposure of (200) plane was higher than (111) plane in cubic, so the relative intensity of (200) plane was stronger than that of (111) plane. When the morphology of the sample was sphere-like structure, there was little difference of the relative intensity, because the exposure of (200) plane and (111) plane was nearly the same.
As shown in Fig. 5 , the size of particles decreases with the increase of the x value. By increasing the concentration of Ba ions, the particle size decreases from~500 nm to ~50 nm. The only exception is Ba0.7Sr0.3TiO3 whose particle size is bigger than that of Ba0.6Sr0.4TiO3. The calculation of molecular dynamics shows that when x = 0.7, there is a balance between the opposing effects of extra space and lattice shrinkage to allow the displacement of Ti 4+ to reach the maximum [34] . Some unique physical properties appear in the Ba0.7Sr0.3TiO3, such as ultra-high dielectric constant, which fit the calculation result and reports in bulk crystals [35] [36] [37] . The same phenomenon of the change of morphology and particle size was also observed in TEM images (Fig.  S1) , which was different from the previous report. Lee et al. [32] found that the particle size of BaTiO3 was bigger than that of SrTiO3 and the size of Ba0.7Sr0.3TiO3 was smaller than BaTiO3 and SrTiO3, with the synthesis temperature at 80°C. Demirors et al. [38] found that BaTiO3, SrTiO3 and Ba0.5Sr0.5TiO3 had the same size distribution. In this system, the crystallization process of SrTiO3 and BaTiO3 nanocrystals obeys the Ostwald ripening process. It was found that the final SrTiO3 particles were single crystalline cubes, and the BaTiO3 particles were polycrystalline spherical aggregates of nanoparticles (Figs 2 and 5) . Time-dependent experiments were carried out to understand the crystallization process. As shown in Fig. S2 , small amorphous nanoparticles formed at initial stage and they were further agglomerated, dissolved or recrystallized. For SrTiO3, after aging for 2 h, amorphous particles directly grew into cubes with size of~300 nm ( Figs S2a and b) , which would grow bigger with increasing the aging time. For BaTiO3, after aging for 2 h, amorphous particles grew into particles with size of around 10 nm (Figs S2c and d) , which would aggregate into spherical particles (50 nm) with increasing the aging time. Therefore, initial nucleation (2 h) of SrTiO3 and BaTiO3 is different, leading to different final forms of crystals (single-crystalline SrTiO3 and polycrystalline BaTiO3) during the Ostwald ripening process. Furthermore, Tanaka et al. [34] pointed out that by increasing the concentration of Ba ions in BaxSr1−xTiO3, the particle size decreased, which were compatible with our results.
BST has been widely used because of its high dielectric constant at room temperature. In this experiment, the BST powders were grinded and tableted by using 5% PVA as cross-linking agent and sintered to 1200°C under air atmosphere. The sinter temperature was maintained at 500°C for several hours to remove PVA. The dielectric constant was measured by Agilent 4294A precise impedance analyzer. The following formula was used to calculate the dielectric constant εr:
where εr is the dielectric constant, C the capacitance, d the thickness of tablet, A the area of tablet, ε0 the dielectric distant of air. Fig. 6 shows the relationship between the dielectric constant and frequency. It was found that when x value increased from 0 to 0.4, the dielectric property was not as good as that of the commercial BST powder (CBST, x = 0.8). When x ≥ 0.5, the BST sample shows better dielectric property than CBST obviously. It is notable that when x ≥ 0.7, the dielectric constant increases from~400 to~3000. Even if the Ba0.9Sr0.1TiO3 and BaTiO3 has a better dielectric property in medium frequency (<10,000 Hz), their dielectric constant decreases very quickly in high frequency (>10,000 Hz). The Ba0.7Sr0.3TiO3 has much higher dielectric constant than all other BST samples. Firstly, it was found that the particle size was one of the important factors to affect the dielectric and microwave absorption properties of the BaxSr1−xTiO3 which was reported previously [39, 40] . Secondly, besides the influence of the particle size, the polarization was also a key factor contributing to the microwave absorptions. With the increase of the concentration of Sr atom, the maximum of polarization moved from high temperature to low temperature in the same frequency. At the same time, Ba0.7Sr0.3TiO3 reached the maximum of polarization exactly at room temperature. Hence, Ba0.7Sr0.3TiO3 shows higher performance in dielectric constant than other BST powders at room temperature which was reported by Pramanik et al. [41] . At room temperature, Ba0.7Sr0.3TiO3 reached the maximum of polarization exactly. The performance in dielectric constant of Ba0.7Sr0.3TiO3 was higher than other BST powders at room temperature, which could make it have promising applications in many technical fields. As a unique dielectric material, BST has potential application in microwave absorption at gigahertz frequencies [42, 43] . There are three factors contributing to the microwave absorption mechanisms, i.e., the dominant dielectric polarization, spontaneous polarization, and the associated relaxation effects [39] . It is well known that changing the coating thickness of the absorber is an available way to tune the microwave absorption frequency according to the transmission line theory. Also the structure and the morphology of the materials may play a key role on their microwave absorption performance [40, 44] . The nawow size distribution and uniform morphology of our BST samples are interesting for investigation of their microwave absorption property. The reflection loss (RL) of the BST/paraffin composites was calculated using the transmission line theory [45, 46] :
where ε is the relative complex permittivity, µ the permeability of the absorber, Z the input impedance of the absorber, f the frequency of microwave, d the thickness of the absorber and c the velocity of light. Fig. 7a shows the RL of the Ba0.7Sr0.3TiO3-parraffin composite of different thickness, indicating a maximum RL of −11.25 dB at 12 GHz with the film thickness of 3.0 mm. Fig. 7b shows the frequency dependency of the complex permittivity real part ε', permittivity imaginary part ε'', permeability real part µ', and permeability imaginary part µ'' of the Ba0.7Sr0.3TiO3-parraffin composite. The real part µ' and imaginary part µ'' nearly remain constant with frequency, indicating that Ba0.7Sr0.3TiO3 could hardly produce any magnetic loss. The lower real part value ε' is an advantage to keep a balance between permeability and permittivity, decreasing the reflection coefficient of the absorber [42] . Here we observed that the value of ε' declined from 5.8 to 4.5 with the frequency increasing from 11.52 to 12.4 GHz, which just corresponded to the effective RL region. Meanwhile, the ε'' value shows a remarkable peak in the same frequency region. From 2 to 10.56 GHz, the ε'' value keeps nearly constant, and changes upward with the frequency increasing from 10.56 to 11.92 GHz, then tends downward in the region of 11.92 to 13 GHz, which is due to the electric dipole moment rearrangement under the varying electromagnetic field, thus giving the high RL in this frequency region. Compared to other BST samples, we found that the Ba0.7Sr0.3TiO3 still shows a much stronger RL (Figs S3-S12) . The SEM images about the fracture surface of the measured BST samples were shown in Fig. S13 . Analyzed from the microwave absorption data of BaxSr1−xTiO3 nanoparticles, it is reasonable to conclude that the concentration of Sr can remarkably affect the microwave absorption properties of BaxSr1−xTiO3 nanoparticles. There are two dominant factors contributing to the microwave absorption mechanism, i.e., the inherent electronic polarization resulted from BaTiO3 and SrTiO3 [42, 47] and the interfacial polarization between the BaTiO3 and SrTiO3 [48] . 
CONCLUSION
In summary, we developed a simple and versatile route to synthesize the BST nanoparticles under ambient conditions in an ethanol/water mixed solution. A series of BST nanoparticles with good crystallinity, pure phase, uniform size, and high yield can be synthesized. The dielectric properties and microwave absorption capability of the BST with different composition were investigated. The results demonstrate that the BST materials have the best dielectric and microwave absorption properties when the composition x = 0.7. This surfactant-free route may be extended to synthesize other perovskite materials with tuneable compositions at room temperature.
